We report the analysis of the first deep optical observations of three isolated γ-ray pulsars detected by the Fermi Gamma-ray Space Telescope: the radio-loud PSR J0248+6021 and PSR J0631+1036, and the radio-quiet PSR J0633+0632. The latter has also been detected in the X rays. The pulsars are very similar in their spin-down age (τ ∼40-60 kyrs), spindown energy (Ė ∼ 10 35 erg s −1 ), and dipolar surface magnetic field (B ∼ 3-5 × 10 12 G). These pulsars are promising targets for multi-wavelength observations, since they have been already detected in γ rays and in radio or X-rays. None of them has been detected yet in the optical band. We observed the three pulsar fields in 2014 with the Spanish 10.4m Gran Telescopio Canarias (GTC). We could not find any candidate optical counterpart to the three pulsars close to their most recent radio or Chandra positions down to 3σ limits of g ′ ∼ 27.3, g ′ ∼ 27, g ′ ∼ 27.3 for PSR J0248+6021, J0631+1036, and J0633+0632, respectively. From the inferred optical upper limits and estimated distance and interstellar extinction, we derived limits on the pulsar optical luminosity. We also searched for the X-ray counterpart to PSR J0248+6021 with Chandra but we did not detect the pulsar down to a 3σ flux limit of 5×10 −14 erg cm −2 s −1 (0.3-10 keV). For all these pulsars, we compared the optical flux upper limits with the extrapolations in the optical domain of the γ-ray spectra and compared their multiwavelength properties with those of other γ-ray pulsars of comparable age.
to the intrinsic neutron star faintness, relatively large distances, high (or uncertain) interstellar extinction, field crowding at low Galactic latitudes, and the lack of sensitive observations with 10m-class telescopes. As a matter of fact, only very few isolated Fermi pulsars have been detected both in the X rays and in the optical. These are the Crab (PSR B0531+21) and Vela (PSR B0833−45) pulsars, PSR B1509−58, PSR B0656+14, PSR B1055−52 and Geminga (see Abdo et al. 2013 and references therein), all detected as γ-ray pulsars before the launch of Fermi (Thompson 2008) and identified in the optical within a few years after their discovery. Among the new γ-ray pulsars discovered by Fermi, a candidate optical counterpart has been identified for PSR J0205+6449 (Moran et al. 2013) , whereas for PSR B0540−69 in the Large Magellanic Cloud, only recently detected as a γ-ray pulsar (Ackermann et al. 2015) , the optical counterpart has been known since the early 1990s (Caraveo et al. 1992) , following its discovery as an X-ray and optical pulsar (Seward et al. 1984; Middleditch & Pennypacker 1985) . Another handful of γ-ray pulsars have been observed after their discovery by Fermi, but not detected yet, with 10m-class telescopes: PSR J1357−6429 , PSR J1028−5819 (Mignani et al. 2012) , PSR J1048−5832 (Razzano et al. 2013; Danilenko et al. 2013) , PSR J0007+7303 , PSR J0357+3205 Kirichenko et al. 2014) , and PSR J2021+3651 (Kirichenko et al. 2015) . Recently, PSR J1357−6429 might have been identified in the near infrared (Zyuzin et al. 2016) .
Here, we present the first deep optical observations of a group of Fermi pulsars: PSR J0248+6021, PSR J0631+1036, and PSR J0633+0632 (Abdo et al. 2010a; 2013) , carried out with the Spanish 10.4m Gran Telescopio Canarias (GTC) at the La Palma Observatory (Roque de Los Muchachos, Canary Islands, Spain), as a part of a larger program aimed at surveying Fermi pulsars in the northern hemisphere. A parallel program in the southern hemisphere is being carried out with the ESO's Very Large Telescope and the results will be discussed in a companion paper (Mignani et al., in preparation) . These three pulsars have spin-down ages τ ∼ 43.6-62.4 kyrs, spin-down energiesĖ ∼(1-2)×10
35 erg s −1 and dipolar surface magnetic fields B ∼ 3-5 × 10 12 G (see Table 1 ).
PSR J0248+6021 (spin period Ps=0.217 s) was discovered in radio during a northern Galactic plane survey with the Nancay radio telescope (Theureau et al. 2011 ). The pulsar X-ray counterpart was not detected by Swift and Suzaku ) and the field has not been observed by XMM-Newton. Only one short (10 ks) observation has been obtained with Chandra (Obs ID 13289; PI G. Garmire) but the pulsar was not detected (Prinz & Becker 2015) . A quick follow-up observation using optical data from the UltraViolet/Optical Telescope (UVOT; Roming et al. 2005 ) aboard Swift did not show any object at the best-fit radio timing position of the pulsar. The PSR J0248+6021 field was observed in Hα (Brownsberger & Romani 2014) to search for a bow-shock produced by the pulsar motion in the interstellar medium but neither extended nor point-like emission associated with the pulsar was detected.
PSR J0631+1036 (Ps = 0.287 s) was detected during a radio follow-up of unidentified Einstein X ray-sources (Zepka et al. 1996) . The pulsar is yet undetected in X rays (Kennea et al. 2002; Marelli et al. 2011) . A tentative identification of an X-ray counterpart by both ROSAT (Zepke et al. 1996) and ASCA (Torii et al. 2001 ) was found to be the result of a spurious association. In γ-rays, a marginal evidence of pulsations was found in the CGRO data (Zepka et al. 1996) and was, later, confirmed by Fermi (Weltevrede et al. 2010). A search for optical pulsations from the undetected pulsar counterpart (Carramiñana et al. 2005 ) was carried out with negative results. The field was also observed in a targeted observation with the 2.5m Isaac Newton Telescope (INT) at the La Palma Observatory (Collins et al. 2011) as part of a pilot survey of Fermi pulsar fields under the International Time Proposal ITP02 (PI. A. Shearer), but the pulsar was undetected. PSR J0631+1036 was also not detected in the pulsar Hα survey of Brownsberger & Romani (2014) .
PSR J0633+0632 (Ps = 0.297 s) is a radio-quiet pulsar and one of the first γ-ray pulsars detected through a blind search in the Fermi data (Abdo et al. 2009a) . Deep searches at 34 MHz (Maan & Aswathappa 2014) confirmed that the source is undetected also at long radio wavelength. After a preliminary detection by Swift (Abdo et al. 2009a) , PSR J0633+0632 has been detected in X rays by both Suzaku and Chandra (Ray et al. 2011) , which also found evidence of a faint arcminute-long pulsar wind nebula (PWN) south of the pulsar. No X-ray pulsations from PSR J0633+0632 have been detected yet. In the optical, the field was observed for the first time with the INT (Collins et al. 2011) but no counterpart to the pulsar was detected.
This manuscript is organised as follows: observations, data reduction and analyses are described in Sectn. 2, while the results are presented and discussed in Sectn. 3. and 4, respectively. Conclusions follow.
OBSERVATIONS AND DATA REDUCTION

GTC Observations
We obtained deep observations of the pulsar fields with the GTC between December 18, 2014 and January 14, 2015 under programme GTC23-14B (PI. N. Rea). The observations were performed in service mode with the Optical System for Imaging and low Resolution Integrated Spectroscopy (OSIRIS). The instrument is equipped with a two-chip E2V CCD detector with a nominal field-of-view (FoV) of 7.
′ 8 × 8. ′ 5 that is actually decreased to 7.
′ 8 × 7. ′ 8 due to the vignetting of Chip 1. The pixel size of the CCD is 0.
′′ 25 (2 × 2 binning). In total, we took a minimum of three sequences of 5 exposures in the Sloan g ′ (λ = 4815Å; ∆λ = 1530Å) r ′ band (λ = 6410Å; ∆λ = 1760Å) filters with exposure time of 155 s, to minimise the saturation of bright stars in the field and remove cosmic ray hits. Each sequence was repeated twice per each filter and per each target. Exposures were dithered by 20
′′ steps in right ascension and declination. In all cases, the targets were positioned at the nominal aim point in Chip 2. Observations were performed in dark time and clear sky conditions, with seeing mostly below 1.
′′ 0 and the targets close to the zenith. The journal of the GTC observations is summarised in Table 2 . Short (0.5-3 s) exposures of the field of the standard star PG 2336+004B (Smith et al. 2002) were also acquired each night for photometric calibration and zero point trending 2 , together with twilight sky flat fields, as part of the OSIRIS service mode calibration plan (Cabrera-Lavers et al. 2014) . We reduced our data (bias subtraction, flat-field correction) using standard tools in the IRAF 3 package CCDRED. Single dithered exposures were then aligned, averagestacked, and filtered by cosmic rays using the task drizzle. We Table 1 . Coordinates, reference epoch, and spin-down parameters of the Fermi pulsars discussed in this work, collected from the ATNF pulsar data base (Manchester et al. 2005 1 The pulsar has a proper motion µαcos(δ) = 48 ± 10 mas yr −1 ; µ δ = 48 ± 4 mas yr −1 (Theureau et al. 2011) . The spin period derivativeṖs and values inferred from it have been corrected for the Shklovskii effect.
adopted the standard extinction coefficients measured for the La Palma Observatory 4 to apply the airmass correction.
Optical Astrometry
We computed the astrometry calibration on the GTC images using the wcstools 5 suite of programs, matching the sky coordinates of stars selected from the Two Micron All Sky Survey (2MASS) All-Sky Catalog of Point Sources (Skrutskie et al. 2006 ) with their pixel coordinates computed by Sextractor (Bertin &Arnouts 1996) . After iterating the matching process applying a σ-clipping selection to filter out obvious mismatches, high-proper motion stars, and false detections, we obtained mean residuals of ∼ 0.
′′ 2 in the radial direction, using at least 30 bright, but non-saturated, 2MASS stars. Owing to the pixel scale of the OSIRIS images (0.
′′ 25), the uncertainty on the centroids of the reference stars is negligible. To this value we added in quadrature the uncertainty σtr 0. ′′ 07 of the image registration on the 2MASS reference frame. This is given by σtr= n/NSσS (e.g., Lattanzi et al. 1997) , where NS is the number of stars used to compute the astrometric solution, n=5 is the number of free parameters in the sky-to-image transformation model (rotation angle, x-offset, y-offset, x-scale, y-scale), σS ∼ 0.
′′ 2 is the mean absolute position error of 2MASS (Skrutskie et al. 2006) for stars in the magnitude range 15.5 K 13. After accounting for the 0.
′′ 015 uncertainty on the link of 2MASS to the International Celestial Reference Frame (Skrutskie et al. 2006) , we ended up with an overall accuracy of ∼0.
′′ 2 on our absolute astrometry.
Pulsar coordinate verification
In order to search for the pulsar optical counterparts, a careful assessment of their coordinates is in order. To search for the optical counterparts of our pulsars, a first reference is provided by the coordinates listed in the ATNF pulsar data base (Table 1) .
For both PSR J0248+6021 (Theureau et al. 2011 ) and J0631+1036 these coordinates have been obtained from radio observations. For PSR J0248+6021 a radio proper motion has been measured (Theureau et al. 2011 ) and we updated its coordinates to the epoch of our optical observations ( glitches and timing noise. However, they are compatible within the errors with those listed in the ATNF data base, obtained from radio timing observations (Yuan et al. 2010) . Unfortunately, since PSR J0631+1036 is yet undetected in the X rays (Kennea et al. 2002) there is no Chandra position to compare with. For the radioquiet PSR J0633+0632 the coordinates in Table 1 correspond to the best-fit γ-ray timing position (Ray et al. 2011) , which has a relatively large error (±1. ′′ 6) in declination. A somewhat different position, however, is obtained from Chandra observations (Ray et al. 2011 Ray et al. (2011) and Marelli (2012) , and should be ignored. Hereafter, for PSR J0633+0632 we assume the Chandra coordinates as a reference. For PSR J0631+1036 and PSR J0633+0632 the maximum time span between the epoch of the reference positions and that our optical observations is 3165 and 1833 days, respectively. Therefore, we allowed for an uncertainty on the reference pulsar positions more generous than the formal one to account for their unknown proper motions. Apart from PSR J0248+6021, the uncertainty on the pulsar position is always larger than the accuracy of our astrometry calibration (∼0. ′′ 2; Sectn. 2.3). For the latter, the thick ellipse corresponds to the radio timing position (Yuan et al. 2010) , whereas the thin ellipse marks the radio timing position of Hobbs et al. (2004) . For PSR J0633+0632, the circle indicates the Chandra position uncertainty (Ray et al. 2011) . The size of the ellipses/circle accounts for statistical uncertainties only and not for the systematic uncertainty associated with the astrometry calibration of the OSIRIS images (∼0. ′′ 2; Sectn. 2.2). Fig. 1 shows a 10 ′′ × 10 ′′ zoom of the GTC r ′ -band images around the pulsar positions. In no case we could find candidate counterparts to the pulsars, which remain, thus, undetected in the optical. For PSR J0633+0632, the object closest to the Chandra position is detected ∼ 2.
RESULTS
Source detection and photometry
′′ 5 southwest of it and is obviously unrelated to the pulsar. We computed the 3σ limiting magnitudes from the standard deviation of the background at the pulsar position (Newberry 1991) estimated in an aperture of diameter equal to the seeing disk (Table 2), after applying the aperture correction. We corrected these values for the atmospheric extinction as described in Sectn. 2.1.
The difference in limiting magnitudes between the g ′ and r ′ bands for similar integration times (Table 2) is probably due to the much larger sky brightness in the r ′ -band measured at the Roque de Los Muchachos Observatory 8 . For PSR J0248+6021, the much shallower limit in the r ′ band with respect to the g ′ -band one is due both to the worse seeing conditions (1.
′′ 1), which broadens the halo of a relatively bright star ∼ 4.
′′ 5 north of the pulsar (Fig.  2 , top left), and the higher surface brightness of the W5 HII region, which covers a large part of the OSIRIS field of view. Both effects increase the rms of the background at the pulsar position. For PSR J0631+1036, the detection of the optical counterpart was hampered by the presence of a very bright star (B∼10.4) about 1.
′ 5 south of the pulsar position. Unfortunately, although the telescope roll angle and pointing were chosen both to centre the star in the gap between the two CCDs and place the pulsar at a safe distance from the chip edge, the bright wings of the star's PSF still affects the background at the pulsar position, also owing to the non-optimal seeing conditions (up to 1. ′′ 2; Table 2 ). We also used the GTC images to search for a possible evidence of extended optical emission around PSR J0633+0632, which could be associated with the PWN observed in X rays by Chandra (Ray et al. 2011) . A section of the GTC r ′ -band image encompassing the full PWN field is shown in Fig.2 . As seen, no evidence of diffuse emission is found in the region corresponding to the spatial extent of the PWN. This confirms that PWNe are challenging targets in the optical. Indeed, optical and/or infrared PWNe have been detected so far only around five γ-ray pulsars: the Crab (Hester 2008) , PSR B0540−69 (e.g., , PSR J0205+6449 (Shibanov et al. 2008; Slane et al. 2008) , PSR J1124−5916 (Zharikov et al. 2008) , and PSR J1833−1034 (Zajczyk et al. 2012) , with the pulsar counterpart being unresolved from the PWN in the last two cases. In the X rays, about 100 PWNe or candidates have been detected so far (e.g., Kargaltsev et al. 2015) . We set a 3σ upper limit of ∼ 27.7 and ∼ 26.8 magnitudes arcsec −2 on the surface brightness of the PWN in the g ′ and r ′ -bands, respectively. These limits have been computed from the standard deviation of the background estimated from star-free regions across the PWN area.
X-ray data analysis
Two of the three γ-ray pulsars in Table 1 are still undetected in the X rays. No new X-ray observations exist for PSR J0631+1036, whereas for PSR J0248+6021 we found Chandra data (Obs ID 13289; PI G. Garmire), which have been recently analysed by Prinz & Becker (2015) . The observation was performed on September 25 2012 (01:57:45 UT) with the Advanced CCD Imaging Spectrometer (ACIS) in the FAINT data mode for an effective exposure time of 9.22 ks. The target was placed at the nominal aim position at centre of the ACIS-I detector. We downloaded the data from the Science Archive 9 and analysed them with the Chandra Interactive Analysis of Observations Software (CIAO) v4.6
10 . Firstly, we reprocessed level 1 files using the standard chandra repro script. Then, we retrieved counts image, flux-calibrated image and exposure map in the 0.3-10 keV energy band using the standard fluximage script. Taking into account the point spread function spatial distribution, we ran the source detection using the wavdetect task. We did not found any source (at a 3σ level) positionally consistent with the pulsar position, corrected for its proper motion at the (Ray et al. 2011 ) is overlaid in black. For a better representation, the Chandra image has been smoothed with a Gaussian function using a Kernel radius of 3 pixels. The X-ray contours at the top correspond to the emission maximum at the pulsar position (marked by the cross), whereas the ones at the bottom correspond to the PWN. The emission maximum southwest of the pulsar is associated with a point-like X-ray source unrelated to the PWN (Ray et al. 2011). epoch of the Chandra observation (MJD=56195). Thus, we confirm the non-detection of PSR J0248+6021, as reported by Prinz & Becker (2015) . We evaluated the flux upper limit assuming an absorbed power-law spectrum with a photon index ΓX = 2 and an hydrogen column density NH = 0.8 × 10 22 cm −2 , as assumed in Abdo et al. (2013) and set to the Galactic value for the pulsar direction obtained with Webtools 11 linearly scaled for the pulsar distance (Theureau et al. 2010) . We obtain a 3σ upper limit of FX = 5 × 10 −14 erg cm −2 s −1 on the unabsorbed flux in the 0.3-10 keV energy band. This value is a factor of 20 deeper than the previous upper limit of FX = 9 × 10 −13 erg cm −2 s −1 , obtained from Suzaku observations (Abdo et al. 2013 ) under the same assumptions as above on the source spectrum and absorption.
DISCUSSION
Pulsar distance and extinction
Both the distance and extinction to these pulsars are not precisely known and an assessment of the estimated values is in order before computing the limits on the pulsar optical luminosities derived from the limiting magnitude of our GTC observations. For the two radio-loud pulsars (PSR J0248+6021 and J0631+1036) no radio parallax measurement has been obtained yet. Furthermore, it is thought that the distance obtained from the dispersion measure (DM), inferred from the NE2001 model of the Galactic free electron density along the line of sight (Cordes & Lazio 2002) , largely overestimates the actual value (Table 3) . For PSR J0248+6021, the high DM (370±1 pc cm −3 ) suggests that the pulsar is within the giant HII region W5 in the Perseus arm, hence its distance must be smaller than that of the far edge of the arm, which is 3.6 kpc (Reid et al. 2009 ). However, Theureau et al. (2011) suggest that the pulsar is at the same distance as the open cluster IC 1848, which is also within W5. This would imply a distance of 2.0±0.2 kpc, much lower than the minimum DMbase value DNE = 43.5 kpc. A distance smaller than inferred from the DM is also suggested by the significant pulsar proper motion (Tab 1; Theureau et al. 2011) . For PSR J0631+1036, it is speculated that the pulsar is background to the 3-Mon star forming region and, possibly, is within the dark cloud LDN 1605 (Zepka et al. 1996) , which would substantially contribute to the relatively large DM measured along the line of sight to the pulsar. Accounting for this contribution would imply a downward revision of the pulsar distance. In this way, Zepka et al. (1996) obtained a distance estimate of 1.0±0.2 kpc, a factor of two lower than the value based on the DM (DNE=3.7 +1.3 −0.9 kpc). For both pulsars, these alternative distance values have been adopted in the 2PC (Abdo et al. 2013) .
For the radio-quiet PSR J0633+0632, the 2PC gives a maximum distance of 8.7 kpc, determined from the maximum DM along the line of sight and the NE2001 model. A direct distance estimate to the pulsar can be obtained from the hydrogen column density NH that best fits the Chandra X-ray spectrum (Ray et al. 2011) . A fit with a power-law (PL) plus blackbody (BB) model gives NH = 0.15
+0.16
−0.10 × 10 22 cm −2 (Ray et al. 2011 ). An independent fit of the same Chandra data set and with the same spectral model (PL+BB) yields NH = 0.06
22 cm −2 (Abdo et al. 2013) . Recently, a further re-analysis of the same Chandra data set was also carried out by Danilenko et al. (2015) , who gives NH = 0.24
+0.18
−0.14 × 10 22 cm −2 for a PL+BB model. Although the NH value of Abdo et al. (2013) is somewhat smaller than those of Ray et al. (2011) and Danilenko et al. (2015) , all values are consistent with each other within the statistical uncertainties. By using, e.g. the linear correlation between NH and distance computed by He et al. (2013) we obtain a distance of ≈ 3 kpc, where the scatter in the NH-distance plane and the formal uncertainty on the different NH measurements, result in an estimated uncertainty of ≈ 1 kpc. Recently, by assuming that the unknown pulsar proper motion is aligned with the major axis of the X-ray PWN, Danilenko et al. (2015) suggested that PSR J0633+0632 might have been born in the Rosette Nebula and inferred a tentative pulsar distance as small as 1.2-1.8 kpc. The association, however, has still to be confirmed through a future pulsar proper motion measurement.
For both PSR J0248+6021 and PSR J0631+1036, which are undetected in the X rays, we used the NH inferred from the DM according to the linear correlation computed by He et al. (2013) . We note that using three-dimensional Galactic dust maps (e.g., Green et al. 2015) would give reddening values that are obviously distance dependent. Since the distance to these two pulsars is uncertain, the corresponding reddening value is also uncertain. Furthermore, the Green et al. (2015) maps have a resolution of 3.
′ 4-13. ′ 7, comparable to the field of view of our images (or larger), and might not be representative of the actual reddening towards a specific line of sight in the presence of large nebular structures in the field. This is, indeed, the case for both the PSR J0248+6021 and PSR J0613+1036 fields, with the giant HII region W5 and the dark cloud LDN 1605, respectively.
For the DM towards PSR J0248+6021 (370 pc cm −3 ) the correlation yields NH = 1.11
22 cm −2 , where the errors Table 3 . Pulsar dispersion measure (DM) and distance (D NE ), inferred from the NE2001 model of the Galactic free electron density along the line of sight (Cordes & Lazio 2002) , of the radio-loud pulsars listed Table 1 . The distance assumed in the Second Catalogue of Fermi Gamma-ray Pulsars (2PC; Abdo et al. 2013 ) is also given (D 2PC ). The last column gives the reddening E(B − V ) in the pulsar direction estimated from the N H values, obtained either directly from the fit to the X-ray spectrum (PSR J0633+0632; Abdo et al. 2013) or inferred from the value of the DM (He et al. 2013) , using the relation of Predehl & Schmitt (1995) . . Both values are fully consistent with the qualitative NH estimates obtained from the Galactic value for the pulsar direction, scaled for the distance (Abdo et al. 2013) . From the NH, we then estimated the interstellar reddening according to the relation of Predehl & Schmitt (1995) −0.19 for PSR J0248+6021 and J0631+1036, respectively. For PSR J0633+0632, the only one of them that has been detected in the X rays, the NH is derived from the spectral fits to the X-ray spectrum (see above). For instance, assuming the NH estimates obtained from the X-ray analysis of Ray et al. (2011) and Abdo et al. (2013) yields an interstellar reddening E(B − V ) of 0.27 +0.29 −0.18 and 0.11 +0.40 −0.11 , respectively, following Predehl & Schmitt (1995) . Similarly, the NH obtained from the most recent spectral re-analysis of Danilenko et al. (2015) yields an E(B − V ) = 0.43
The inferred values of the interstellar reddening along the line of sight for the three pulsars are summarised in Table 3 . For all of them, the reddening is significant, consistently with their estimated distance and low height above the Galactic plane.
Pulsar optical and X-ray luminosities
We computed the extinction-corrected upper limits on the optical fluxes of the three pulsars in the g ′ band. We accounted for the uncertainties on the interstellar reddening (Table 3) by assuming the most conservative estimates. From the reddening values, we computed the interstellar extinction in the different filters using the extinction coefficients of Fitzpatrick (1999) . The extinctioncorrected flux upper limits are Fopt ∼ 4.36 × 10 −13 erg cm −2 s −1 , 1.90 × 10 −15 erg cm −2 s −1 , and 4 × 10 −16 erg cm −2 s −1 , for PSR J0248+6021, J0631+1036, and J0633+0632, respectively. Of course, in the case of PSR J0248+6021 which is affected by a much larger interstellar extinction (about 9 magnitudes in the g ′ band) the value of the extinction corrected flux is well above that obtained for the other two pulsars. Therefore, the limits on the derived quantities (e.g. optical luminosity and flux ratios) are much less constraining. For both PSR J0248+6021 and PSR J0631+1036 we assumed the same distances as in the 2PC (D2PC; see , and J0633+0632, respectively, where d1, d2, and d3 are their distances in units of 1, 2, and 3 kpc. We remind that the assumed distance values for the two radio-loud pulsars PSR J0248+6021 and PSR J0631+1036 have been obtained from indirect estimates (see Theureau et al. 2010 and Zepka et al. 1996) . As such, they might be affected by uncertainties larger than those associated with the assumed values (Table 3) , which might imply correspondingly higher luminosities for these two pulsars. In particular, we cannot firmly rule out that PSR J0248+6021 and PSR J0631+1036 are at distances as high as 3.6 and 5 kpc, respectively, the former corresponding to the far edge of the Perseus arm and the latter to the maximum value of the DM distance DNE (Table 3 ). Direct distance measurements will be crucial to better constrain their luminosities. We compared the optical luminosity upper limits with the pulsar spin-down energyĖ. Since these pulsars are younger than 0.1 Myr (Table 1) , we assume that their optical luminosity is dominated by non-thermal emission, as usually observed in pulsars of comparable age (see e.g., Mignani 2011), and is powered by the spin-down energy. We obtained Lopt/Ė 9.93 × 10 Both the optical luminosity and the optical emission efficiency, Lopt/Ė, of rotation-powered pulsars are strongly correlated with the spin-down age (see, e.g. Fig. 4 in Kirichenko et al. 2015) . As expected, owing to their lower spin-down energy (Ė ≈ 10 35 erg s −1 ), both PSR J0631+1036 and J0633+0632 are fainter in the optical than the young (τ 5 kyr) and more energetic (Ė ≈ 10 37 -10 38 erg s −1 ) γ-ray pulsars Crab, PSR B1509−58, and PSR J0205+6449, which have optical luminosities Lopt ≈ 10 30 -10 33 erg s −1 (e.g. Moran et al. 2013 ). The brightest of them is now PSR B0540−69 (∼2 kyr), only recently detected as a γ-ray pulsar (Ackermann et al. 2015) , which has an optical luminosity Lopt ∼ 2.6 × 10 33 erg s −1 . Only PSR J0248+6021 could be, in principle, as luminous as the very young pulsars, owing to the less deep constraints on its optical luminosity. Depending on their actual distances, the three pulsars discussed in this work might have a lower efficiency in converting their spin down power into optical radiation than the Crab and PSR B0540−69 (Lopt/Ė ≈ 10 −5 ). This would indicate that both the optical luminosity and emission efficiency Lopt/Ė rapidly decrease for pulsars older than ∼ 5 kyr, but younger than ∼ 0.1 Myr, an hypothesis initially suggested by the characteristics of the Vela pulsar (see discussion in Mignani et al. 1999) , which has an optical luminosity Lopt ∼ 1.35 × 10 28 erg s −1 and an Lopt/Ė ∼ 1.9 × 10 −9 (e.g. Moran et al. 2013 ). This hypothesis seems to be supported by the recent detection of the candidate optical counterpart to PSR J0205+6449 (∼ 5.4 kyr), which has an an optical luminosity Lopt ∼ 1.15×10 30 erg s −1 and an Lopt/Ė ∼ 4.2 × 10 −8 , ideally linking the Crab-like pulsars to Vela. The corresponding upper limits on Lopt and Lopt/Ė for PSR J0248+6021, PSR J0631+1036, and PSR J0633+0632, however, are all above the corresponding values for the Vela pulsar, so that we cannot rule out that some of them are more luminous and convert their spin-down energy into optical radiation more efficiently, unless they are at significantly lower distance than estimated. The larger distance of these pulsars and/or the larger interstellar extinction towards the line of sight with respect to Vela (Table 3) are the major obstacle to obtain tighter constraints on their optical luminosity and strengthen their similarity to the Vela pulsar.
Our upper limit on the unabsorbed X-ray flux of PSR J0248+6021 in the 0.3-10 keV energy band (FX 5 × 10 −14
Figure 3. Extinction-corrected optical flux upper limits (black) of PSR J0248+6021, PSR J0631+1036, and PSR J0633+0632 (top to bottom) compared with the extrapolation in the optical domain of the γ-ray PL spectrum (in blue) and of the the X-ray PL component (in red). In both cases, the best-fit PL is represented by the solid line and the dotted lines represent the 1σ uncertainty. For PSR J0633+32, the dotted line represents the BB component and the dot-dashed line the total BB+PL spectrum. The red arrows in the upper and middle panels correspond to the unabsorbed X-ray flux upper limit at 5 keV for an assumed PL X-ray spectrum with photon index Γ X = 2. Both their low X-ray luminosity and X-ray emission efficiency help to explain the non-detection of both pulsars in the available X-ray observations. For instance, PSR J0633+0632 has an X-ray luminosity LX = (1.7 ± 0.13) × 10 31 d 2 3
erg s −1 , computed from its unabsorbed non-thermal 0.3-10 keV X-ray flux FX = (6.3 ± 0.5) × 10 −14 erg cm −2 s −1 (Abdo et al. 2013) , which is higher than the other two pulsars. Owing to a comparable spin-down energy, this also yields an higher X-ray emission efficiency LX/Ė ∼ (1.4 ± 0.1) × 10 −4 d 2 3 . For all the three pulsars discussed in this work, the luminosity and luminosity-to-spin-down energy ratios in both the optical and X rays are summarised in the first part of Table 4 .
Pulsar multi-wavelength spectra
Outside the radio band, both PSR J0248+6021 and PSR J0631+1036 have been detected only in γ-rays. In both cases, we compared the extinction-corrected optical flux upper limits with the extrapolation in the optical domain of their γ-ray spectra. These are described by a power law with exponential cut-off, with photon index Γγ = 1.8 ± 0.01 and cut-off energy Ec = 1.6 ± 0.03 GeV, for PSR J0248+6021, and Γγ = 1.8 ± 0.01 and cut-off energy Ec = 6 ± 1 GeV, for PSR J0631+1036 (Abdo et al. 2013 ). The corresponding energy fluxes Fγ in the 0.1 to 100 GeV energy band are (5.2 ± 0.4) × 10 −11 erg cm −2 s −1 and (4.7 ± 0.3) × 10 −11 erg cm −2 s −1 , respectively. The spectral energy distributions (SEDs) of PSR J0248+6021 and PSR J0631+1036 are shown in Fig. 3 (top  and mid panel, respectively) . For PSR J0248+6021, the optical flux upper limits are within the uncertainties of the extrapolation of the best-fit γ-ray PL spectrum. We remind, however, that owing to the large interstellar extinction correction, the optical flux upper limits are not very constraining. Therefore, if one considers only the γ-ray and optical flux measurements nothing could be said about the presence, or absence, of a spectral break in the pulsar nonthermal emission between the optical and the γ-ray regions. For PSR J0631+1036, the picture is different, with the optical flux upper limits lying well below the uncertainty on the extrapolation of the γ-ray PL. This obviously indicates a spectral break between the optical and the γ rays. For both pulsars, we constrained the SED in this energy interval from their non-detection in the X rays. Assuming for both of them the same X-ray spectrum as assumed in Sectn. 3.2 and 4.2, i.e. a PL with photon index ΓX = 2, would imply an upper limit on the unabsorbed X-ray flux at 5 keV of 1.2×10 −3 µJy for PSR J0248+6021 and of 0.53×10 −3 µJy for PSR J0631+1036 (red arrows in Fig.3) . In both cases, these limits are well below the extrapolation of the γ-ray PL, which indicates the presence of at least a spectral break between the optical and the γ-rays. We note that assuming a different PL photon index does not alter this scenario. Detecting both PSR J0248+6021 and PSR J0631+1036 in the X rays would be crucial constrain the energy at which the break occurs.
PSR J0633+0632 has been detected both in the γ and X rays.
It has a γ-ray photon index similar to the other two pulsars, Γγ = 1.4 ± 0.1, and a cut-off energy Ec = 2.7 ± 0.3 GeV. Its energy flux Fγ = (9.4 ± 0.5) × 10 −11 erg cm −2 s −1 makes it the brightest of these three pulsars in γ rays. For the X-ray spectrum, a fit to the Chandra data with a PL+BB spectral model yields a photon index ΓX = 1.45 +0.76 −0.82 and a temperature kT = 0.126 +0.024 −0.033 keV (Abdo et al. 2013) , corresponding to an unabsorbed total (BB+PL) X-ray flux FX = (1.71 ± 0.14) × 10 −13 erg cm −2 s −1 in the 0.3-10 keV energy band. The original X-ray analysis in Ray et al. (2011) yielded ΓX = 1.5 ± 0.6 and kT = 0.11 +0.03 −0.02 keV. These spectral parameters are also very similar to those obtained by Danilenko et al. (2015) for the same spectral model, ΓX = 1.6 ± 0.6 and kT = 0.105 +0.023 −0.018 keV. The SED of PSR J0633+0632 (Fig. 3  bottom panel) again shows, that the optical flux upper limit are within the extrapolation of the γ-ray PL. The comparison with the X-ray PL extrapolation is, however, extremely uncertain owing to the large uncertainties on the photon index ΓX. A more robust Xray detection of PSR J0633+0632 would be needed to decrease the uncertainties on the PL spectrum and determine whether this is, indeed, consistent with the extrapolation of the γ-ray PL. Were this the case, we would have a rare example of a pulsar where a single PL can (possibly) describe its entire non-thermal emission.
Pulsar multi-wavelength emission
We characterised the multi-wavelength emission properties of these three pulsars from the ratios between their extinction-corrected optical and X-ray fluxes Fopt and FX and between these and their γ-ray flux Fγ (Sectn. 4.3). We note that such ratios are equivalent to luminosity ratios, with the advantage that they are obviously independent on the uncertainty on the pulsar distance.
We first used the upper limits on the extinction-corrected pulsar optical fluxes (g ′ band) to constrain the ratio with their γ-ray flux Fγ . We obtained Fopt/Fγ 9.08 × 10 −3 , 4.05 × 10 −5 , and 4.5 × 10 −6 for PSR J0248+6021, PSR J0631+1036, and PSR J0633+0632, respectively.
Only for PSR J0633+0632 we can constrain the ratio between the pulsar unabsorbed optical and X-ray flux, which is Fopt/FX 6.9 × 10 −3 . We compared the unabsorbed optical-to-X-ray and optical-to-γ-ray flux (luminosity) ratios with the corresponding values for all the γ-ray pulsars detected in the optical (see, e.g. Moran et al. 2013 for a summary), the group now including PSR B0540−69. For this pulsar, the γ-ray flux above 0.1 GeV is Fγ = (2.6 ± 0.3) × 10 −11 erg cm −2 s −1 (Ackermann et al. 2015) . The unabsorbed optical flux, obtained from HST observations , is Fopt = 8.79 × 10 −15 erg cm −2 s −1 , whereas the unabsorbed X-ray flux in the 0.3-10 keV energy band is FX = 1.05 × 10 −11 erg cm −2 s −1 , as computed from the Chandra observations (Kaaret et al. 2001 ). This gives unabsorbed flux ratios of Fopt/Fγ ∼ 3.4 × 10 −4 and Fopt/FX ∼ 8.4 × 10 −4 . We note that for the younger pulsars (Crab, PSR B0540−69, PSR B1509−58, PSR J0205+6449) the optical and X-ray emission are both non-thermal, whereas for the Vela pulsar the optical emission is non-thermal, while thermal emission from the neutron star surface partially accounts for the X-ray emission (e.g., Mignani 2011; Becker 2009 ). Therefore, one has to account for the non-thermal X-ray emission only, which is about 1/4 of the total , and the unabsorbed optical-to-X-ray flux ratio for Vela is, then, Fopt/FX ∼ 2.1 × 10 −4 . For the middle-aged pulsars (PSR B0656+14, Geminga, PSR B1055−52) the optical and X-ray emission are both produced by the combination of thermal and nonthermal processes (Mignani 2011; Becker 2009 ) and we assume Table 4 . Multi-wavelength properties of the pulsars discussed in this work. Columns two and three report the upper limits on the optical luminosity derived from the GTC observations (Sectn. 3.1) and the upper limit on the X-ray luminosity of PSR J0248+6021 derived from the Chandra observations (Sectn. 3.2). The X-ray luminosity value and upper limit for PSR J0633+0632 and PSR J0631+1036, respectively, have been computed from their unabsorbed non-thermal X-ray flux F X as given in the 2PC (Abdo et al. 2013) . Luminosity values are scaled for the assumed distance (Sectn. 4.1). The Fopt/Fγ and Fγ/F X ratios have been computed from the pulsar γ-ray flux Fγ in the 2PC. All limits conservatively accounts for the statistical uncertainties on the measured flux values. The hyphen marks the cases where the flux ratio is unconstrained. 6.9 × 10 −3 4.5 × 10 −6 1510±170 the unabsorbed total fluxes at both energies as a reference, as in Moran et al. (2013) . Apart from PSR J0248+6021, for which the limit on the optical flux is very conservative, the upper limits on the Fopt/Fγ for both PSR J0631+1036 and PSR J0633+0632 indicate that in pulsars other than the young, Crab-like, ones the optical emission becomes lower and lower with respect to the γ-ray one, with the Fopt/Fγ decreasing from ∼ 1.4 × 10 −5 to ∼ 6.4 × 10 −8 as the spin-down age increases from a few kyrs to about a Myr (see Table 4 of Moran et al. 2013) . This is likely related to the fact that efficiency in converting spin-down energy into γ-ray radiation is larger for middle-aged pulsars than for the young ones (Abdo et al. 2013 ). The upper limits on the Fopt/Fγ ratio for these two pulsars are still above the corresponding value of the Vela pulsar (∼ 1.6 × 10 −7 ), so that we cannot rule out that they are intrinsically brighter in the optical than in γ rays with respect to Vela, despite of they larger spin-down age. The Fopt/FX ratio for PSR J0633+0632 is 6.9 × 10 −3 , which is by far the highest of any other γ-ray pulsar (let alone all other isolated neutron stars), making this pulsar a very interesting case to study. Much deeper optical observations, challenging for current facilities, would be crucial to determine whether the actual value of the Fopt/FX ratio is more in line with that of all the other optical/X-ray emitting γ-ray pulsars.
We also compared the ratios between the pulsar γ and Xray fluxes. Our new Chandra limit on the unabsorbed X-ray flux of PSR J0248+6021 (FX 5 × 10 −14 erg cm −2 s −1 ; Sectn. 3.2) raises the lower limit on its γ-to-X-ray flux ratio Fγ /FX to ∼ 960. This value is consistent with the largest Fγ /FX values in the second peak of the two-peak distribution observed in radio-loud pulsars (see Fig.4 and Marelli et al. 2015) . For comparison, the unabsorbed X-ray flux upper limit (FX 2.3 × 10 −14 erg cm −2 s −1 ; Abdo et al. 2013 ) on the other radio-loud pulsar, PSR J0631+1036 yields Fγ /FX 1900. Both limits are also consistent with the peak in the Fγ /FX distribution of radioquiet pulsars (Fig.4) . For instance, with an unabsorbed non-thermal X-ray flux FX = (6.3 ± 0.5) × 10 −14 erg cm −2 s −1 (Abdo et al. 2013 ), the radio-quiet PSR J0633+0632 has a measured Fγ /FX = 1510 ± 170. The lower limits on the Fγ /FX for both PSR J0248+6021 and PSR J0631+1036 confirm that, at variance with others, some radio-loud pulsars are more similar to the radioquiet ones in their high-energy behaviour. This is shown by the double-peaked Fγ /FX distribution for radio-loud pulsars, with the second peak overlapping the peak of the corresponding distribution for the radio-quiet ones (Fig.4) . This similarity in the Fγ /FX ratios does not reflect a similarity in the pulsar characteristics (e.g., spin period, age, magnetic field) but it is possibly related to a similar geometry of the X and γ-ray emission regions (see discussion in Marelli et al. 2015) . Histogram of the Fγ/F X ratios for all young-to-middle-aged γ-ray pulsars (adapted from Marelli et al. 2015) . Radio quiet-pulsars are shown in blue and radio-loud pulsars in red. The dashed and continuous curves are the Gaussian functions best-fitting the peaks in the distribution. The limits for the two radio-loud pulsars PSR J0248+6021 and PSR J0631+1036 are indicated.
The multi-wavelength flux ratios for these three pulsars are summarised in the second part of Table 4 .
Comparison with the Vela-like pulsars
It is now interesting to compare the properties of PSR J0248+6021, J0631+1036, and J0633+0632 with those of the slightly younger, Vela-like γ-ray pulsars for which at least deep optical upper limits with 10m-class telescopes have been obtained after the launch of Fermi (see Table 5 for a compilation). These are: PSR J0007+7303, J1028−5819, B1046−58, J1357−6429, and J2021+3651 2012 , Razzano et al. 2013 Mignani et al. 2012; Kirichenko et al. 2015) . To this sample we must add PSR B1706−44 that was observed during the commissioning of the VLT (Mignani et al. 1999 ) after its original detection as a γ-ray pulsar by the CGRO (Thompson et al. 1992) but not reobserved with any facility ever since. Of these pulsars, only PSR J0007+7303 and J0633+0632 are radio quiet.
We compared the optical emission properties of the three pulsars discussed in this work with those of the Vela-like γ-ray pulsars mentioned above. The limits on the optical luminosity Lopt and on Lopt/Ė for PSR J0631+1036 and PSR J0633+0632 are comparable, for the assumed values of distance and interstellar ex-tinction, to those of the Vela-like pulsars, which are in the range ∼ 0.04-0.92 × 10 30 erg s −1 and 9.4 × 10 −8 -1.1 × 10 −6 , respectively. This confirms, on a broader sample, that pulsars in the age range 10-100 kyrs are fainter and less efficient in the optical than the Crab-like ones (see also, Danilenko et al. 2013; Kirichenko et al. 2015) . The limits on the Fopt/FX and Fopt/Fγ ratios for both PSR J0631+1036 and PSR J0633+0632 are also quite similar, indicating that the optical emission always tends to be less than ≈ 10 −3 and ≈ 10 −6 of the X and γ-ray ones, respectively. Only for PSR J2021+3651 the Fopt/FX could be as high as a few 10 −2 (Kirichenko et al. 2015) , whereas the limits on the Fopt/Fγ are more in line with those of the other pulsars.
The SEDs of PSR J0248+6021, J0631+1036, and J0633+0632 (Sectn. 4.3) do not follow an unique template, with the presence of a clear spectral break between the optical and γ-rays for PSR J0631+1036 and PSR J0248+6021, and with a possible spectral continuity across the optical/X-ray/γ-ray range for PSR J0633+0632. This is in line with the behaviour of the slightly younger, Vela-like γ-ray pulsars, which also seem to be quite different from each other in terms of number of breaks in the multi-wavelength SED. For instance, both PSR B1706−44 and PSR J1028−5819 (Mignani et al. 2012) feature two breaks in the SED, between the γ rays and the X rays and between the X rays and the optical. On the other hand, both PSR J0007+7303 ) and PSR J2021+3651 (Kirichenko et al. 2015) seem to feature only one break, i.e. from the γ rays to the X rays, whereas the optical flux upper limits are compatible with the extrapolation of the X-ray PL spectrum. In all cases, the optical flux upper limits lies either above or below the extrapolation of the γ-ray PL spectrum in the optical domain. This suggests that, at least in these cases, the optical and γ-ray emission are not related. A single PL spectrum running from the optical to the γ rays, however, cannot be ruled out for both PSR B1046−58 (Razzano et al. 2013) and PSR J1357−6429 . The multi-wavelength SED of the Vela pulsar (see Fig. 7 of Danilenko et al. 2011 ) features a clear spectral break between the X rays and the optical, whereas the extrapolation of the γ-ray PL overshoots the X-ray spectrum, indicating the existence of a second break.
Such a difference in the multi-wavelength behaviour of Velalike γ-ray pulsars might depend on something other than the pulsar characteristics (e.g., spin period, age, magnetic field), which are similar for most of them (Table 5 ). One possibility is that it might be related to a difference in the geometry of the optical/X/γ-ray emission regions in the neutron star magnetosphere, possibly related to the relative inclination between the magnetic and spin-axis, and/or in the viewing angle. In this case, one would expect a correlation between the observed number of breaks in the non-thermal multi-wavelength SED and the changes in the light curve morphology, such as the relative phase offsets and separation between the peaks. In the case of the Vela pulsar, the light curve profile indeed changes from the γ rays to the X rays and from the X rays to the optical (Abdo et al. 2009b) , in coincidence with the observed breaks in the multi-wavelength SED (Danilenko et al. 2011) . This case is different, however, from that of the younger Crab pulsar for which a clear spectral break is visible only between the X rays and the optical but both the light curve profile and the phase alignment between the two peaks do not vary appreciably between these two energy bands (Abdo et al. 2010b ). Unfortunately, verifying such an hypothetical correlation between spectral breaks and light curve morphologies for the Vela-like γ-ray pulsars is not straightforward. Both PSR J1028−5819 and PSR B1046−58 have not been yet detected as X-ray pulsars (Mignani et al. 2012; Gonzalez et al. 2006 ), whereas both PSR J0007+7303 and PSR J1357−6429 are X-ray pulsars but the X-ray pulsations are thermal in origin Chang et al. 2012) . Therefore, it is not possible to directly compare their X-ray and γ-ray light curves. Finally, for both PSR B1706−44 and PSR J2021+3651 it is difficult to disentangle the contribution of thermal and non-thermal emission to the X-ray light curve (Gotthelf et al. 2002; Abdo et al. 2009c ). Furthermore, none of them has been obviously detected as an optical pulsar yet. More (and deeper) multi-wavelength observations are necessary to determine the connection (if any) between spectral breaks and variations in the light curve profiles as a function of energy, hence in the emission/viewing geometry, and determine whether such changes are also related, e.g. to the pulsar age or other parameters. As discussed in Mignani et al. (2015) , very few γ-ray pulsars have accurately measured X-ray light curves and even less (Crab, Vela, PSR B0540−69, PSR B0656+14, Geminga) have been also detected as optical pulsars (see, e.g. Mignani 2010 for a summary). Expanding this sample is, then, crucial to build a general picture of the pulsar emission processes at different wavelengths. Exploiting the larger number of known radio/γ-ray pulsars, a systematic comparison between the γ-ray and radio light curve profiles has been recently carried out by Pierbattista et al. (2016) , showing the diagnostic power of this approach.
The PSR J0633+0632 nebula
Finally, we compared the extinction-corrected upper limit on the optical flux of the PSR J0633+0632 PWN (Sectn. 2.1) with its unabsorbed 0.3-10 keV X-ray flux. This is F pwn X = 2.92
+0.79
−0.81 × 10 −13 erg cm −2 s −1 (Abdo et al. 2013) , computed by fitting the PWN area with an ellipse of semimajor and semiminor axis of 0.
′ 58 and 0. ′ 54, respectively, oriented 130
• due East (Marelli 2012 ). We subtracted the flux contribution of the point-like X-ray source southwest of the pulsar position (Fig. 2) , which is only spatially coincident with the PWN. The extinction-corrected optical flux of the PWN in the g ′ band is F pwn opt 9.8 × 10 −13 erg cm −2 s −1 , integrated over the same area as used to compute the PWN X-ray flux. As done for the pulsars, we assumed the most conservative value of the interstellar extinction. This yields an optical-to-X-ray flux ratio of Fopt/Fx 4.6. PWNe have been detected both in the optical and X-rays around the Crab pulsar, PSR J0205+6449, Table 5 . Characteristics and optical properties of the Vela pulsar (in bold) and all Vela-like pulsars observed with 10m-class telescopes. Parameters and units are the same as in Table 1 and 4. The optical luminosity values (Lopt) are scaled for the pulsar distance assumed in the reference publications (last column), following the same notation as in 6.3 × 10 −2 1.4 × 10 −6 Kirichenko et al. (2015) PSR B0540−69, and PSR J1124−5916. Our upper limit on the Fopt/Fx for the PSR J0633+0632 PWN is above the values obtained for the other PWNe, which are typically ∼0.02-0.04, apart from the Crab PWN which has an Fopt/Fx ∼ 2 (Zharikov et al. 2008) . This means that, owing to the faintness of the PSR J0633+0632 PWN in the X rays, much deeper optical observations are needed to set similar constraints on its optical emission. We also compared the extinction-corrected optical spectral flux upper limit on the PWN in the g ′ and r ′ -bands with the extrapolation of its X-ray spectrum in the optical domain. Like in Abdo et al. (2013) , we used the best-fit spectral index of the PWN, Γ pwn X = 1.19 +0.59 −0.22 . The PWN SED is shown in Fig. 5 . As seen, we cannot rule the presence of a spectral break between the optical and the X-ray energy range. A break in the optical/X-ray SED has been observed in other PWNe. For instance, the PWN around PSR B0540−69 features a clear break, with the optical fluxes being fainter than expected from the extrapolation of the X-ray PWN spectrum (Mignani et al. 2012) . This is also the case for the PSR J1124−5916 PWN (Zharikov et al. 2008) . A break in the opposite direction is observed in the SED of the PSR J1833−1034 PWN (Zajczyk et al. 2012) , where the infrared fluxes (the PWN is not yet detected in the optical) are about two orders of magnitude above the extrapolation of the PWN Xray spectrum. Only in the case of the Crab and PSR J0205+6449 PWNe, the PWN spectrum is compatible with a single PL, extending from the X rays to the optical (Hester 2008; Shibanov et al. 2008) . Optical detections of more PWNe through dedicated observing campaigns can allow one to relate the differences in the SEDs to the characteristics of the PWN.
SUMMARY AND CONCLUSIONS
Using data from the GTC, we carried out the deepest optical observations of the fields of the three moderately young (∼ 40-60 kys old) γ-ray pulsars PSR J0248+6021, J0631+1036, and J0633+0632. The pulsars have not been detected down to 3σ limits of g ′ ∼ 27.3, g ′ ∼ 27, and g ′ ∼ 27.3, respectively. At the same time, we could not find evidence of extended optical emission associated with the faint X-ray PWN around PSR J0633+0632 (Ray et al. 2011) . Our limits on the Fopt/Fγ ratios are comparable with those of slightly younger, Vela-like pulsar, suggesting that pulsars in the age range 10-100 kyrs are quite similar in their optical and γ-ray emission and relatively less bright in the optical with respect to the γ-rays than the very young, Crab-like pulsar. In particular, our optical flux upper limits for PSR J0248+6021, J0631+1036, and J0633+0632 seem to support the idea that the fraction of the spin-down power converted into optical luminosity is much lower for pulsars in the age range 10-100 kyrs than for Crab-like pulsars.
Direct and precise distant measurements for the three pulsars discussed here will confirm this conclusion. Using archival Chandra data we also searched for the unidentified X-ray counterpart to PSR J0248+6021 but we could not detect the pulsar down to a 0.3-10 keV flux limit FX ∼ 5 × 10 −14 erg cm −2 s −1 , confirming the nondetection by Prinz & Becker (2015) , which improves the previous Suzaku limit (Abdo et al. 2013 ) by a factor of 20 and better constraints its Fγ /FX ratio. With that computed for PSR J0631+1036, this limit indicates that these two radio-loud pulsars are more similar in their high-energy behaviour to the radio-quiet pulsars rather than to the bulk of the radio-loud ones. More X-ray observations of γ-ray pulsars are needed to keep progressing in the understanding of the similarities and differences between these two populations . Although challenging, optical observations bring the tile required to complete the description of the multi-wavelength phenomenology of γ-ray pulsars. To this aim, Xray observations are key to provide direct estimates (hopefully, as accurate as possible) of the interstellar extinction, whereas radio parallax measurements are key to provide reliable distance estimates, at least for radio-loud pulsars. Large uncertainties on both quantities dramatically impact on the optical follow-up of objects as faint as neutron stars.
